The mitochondrial unfolded protein response (UPR mt ) is a transcriptional program aimed at restoring proteostasis in mitochondria. Upregulation of mitochondrial matrix proteases and heat shock proteins was initially described. Soon thereafter, a distinct UPR mt induced by misfolded proteins in the mitochondrial intermembrane space (IMS) and mediated by the estrogen receptor alpha (ERa), was found to upregulate the proteasome and the IMS protease OMI. However, the IMS-UPR mt was never studied in a neurodegenerative disease in vivo. Thus, we investigated the IMS-UPR mt in the G93A-SOD1 mouse model of familial ALS, since mutant SOD1 is known to accumulate in the IMS of neural tissue and cause mitochondrial dysfunction. As the ERa is most active in females, we postulated that a differential involvement of the IMS-UPR mt could be linked to the longer lifespan of females in the G93A-SOD1 mouse. We found a significant sex difference in the IMS-UPR mt , because the spinal cords of female, but not male, G93A-SOD1 mice showed elevation of OMI and proteasome activity. Then, using a mouse in which G93A-SOD1 was selectively targeted to the IMS, we demonstrated that the IMS-UPR mt could be specifically initiated by mutant SOD1 localized in the IMS. Furthermore, we showed that, in the absence of ERa, G93A-SOD1 failed to activate OMI and the proteasome, confirming the ERa dependence of the response. Taken together, these results demonstrate the IMS-UPR mt activation in SOD1 familial ALS, and suggest that sex differences in the disease phenotype could be linked to differential activation of the ERa axis of the IMS-UPR mt .
Introduction
Mutations in the Cu,Zn,superoxide dismutase (SOD1) are responsible for approximately 20% of fALS (1) . The pathophysiology of SOD1-ALS is not completely understood, and different mechanisms may participate in pathogenesis (2) , including mitochondrial dysfunction (3, 4) . The G93A amino acid substitution in SOD1 is one of the most extensively studied mutations, both in cultured cells and in mouse models of the disease. Transgenic mice express high levels of G93A-SOD1 ubiquitously, under the control of the SOD1 endogenous promoter. They develop rapid motor neuron degeneration, resulting in paralysis and death by 4 or 5 months of age, depending on the genetic background (5) . The prevalent theory for the pathogenesis of mutant SOD1 involves a gain of toxic function of G93A-SOD1. One critical observation is that misfolded SOD1 localizes to multiple cell compartments, including mitochondria. Mutant SOD1 accumulates on the mitochondrial outer membrane (6) where it interacts with some crucial proteins, such as Bcl2 (7) and VDAC (8) . However, mutant SOD1 also localizes inside the mitochondrial IMS, where it accumulates and misfolds, potentially interfering with the assembly and maturation of mitochondrial proteins (9) (10) (11) . The pathogenic role of the IMS pool of mutant SOD1 is also supported by evidence from cultured motor neurons, where it causes mitochondrial functional, morphological, and axonal transport abnormalities (12, 13) . Furthermore, we recently developed transgenic mice containing G93A-SOD1 in the IMS but not the cytoplasm (G93A IMS-SOD1), and showed that these mice develop some of the symptoms of ALS, including motor defects and mitochondrial abnormalities (14) . However, one important difference between this mouse and the G93A-SOD1 mouse (where G93A-SOD1 is present in both the cytosol and the IMS) is that the IMS-only mice develop disease symptoms almost one year later. Taken together, these findings indicate that eventually the accumulation of misfolded G93A-SOD1 in the IMS is toxic for mitochondria and neurons, but they also suggest that IMS proteotoxic stress may initially activate cytoprotective responses.
A mitochondrial unfolded protein response (UPR mt ) was first described as a consequence of the accumulation of misfolded proteins in the matrix (15, 16) . These studies revealed that CHOP promotes the expression of matrix protein quality control systems, such as proteases and chaperones, namely hsp10 and hsp60 (15, 16) . Unlike in the matrix, there are no chaperones in the IMS, and while AAA proteases face the IMS, none of their substrates are IMS proteins (17, 18) .
We previously reported that the proteasome plays an active role in limiting the accumulation of misfolded proteins in the IMS (19) , and that the IMS protease OMI plays a role in IMS protein quality control (19) . Then, we reported that accumulation of misfolded proteins in the IMS did not activate the CHOP-hsp60 axis of the UPR mt , but rather a distinct response driven by the estrogen receptor alpha (ERa) (20) . The ERa axis of the UPR mt implicates a cross talk between phosphorylated Akt and the ERa, expression of the mitochondrial transcription factor NRF-1, and most importantly for the current study, the up-regulation of the proteasome and OMI (20) . The ERa dependency of the IMS-UPR mt raises intriguing questions. First, since not all cell types express ERa, how do ERa negative cells cope with the accumulation of misfolded proteins in the IMS? Our studies in breast cancer cells suggested that in the absence of the ERa, the CHOP-hsp60 could partially compensate (21) . Second, since the ERa is most active in females, do the mechanisms to cope with proteotoxic stress in the IMS caused by misfolding of disease related mutant proteins, such as SOD1, differ between sexes, and if so, do they correlate with sex differences in the disease phenotype? To address this question we studied a G93A-SOD1 mouse model of familial ALS, in which females have a longer lifespan than males (22) , in order to evaluate whether differences in the activation of the IMS-UPR mt could be detected in vivo and correlated with the sexual dimorphism. These questions could be directly relevant to human ALS, since the frequency of the disease is significantly higher in males than in females (23) , suggesting that sex hormones and receptors may be involved in sexual dimorphism in ALS.
Results
The CHOP/hsp60 axis of the UPR mt is transiently activated in females during the symptomatic phase of the G93A-SOD1 model of fALS
The first described axis of the UPR mt is regulated by the transcription factor CHOP, which promotes the expression of proteases as well as the chaperone hsp60 (15, 16) . As a consequence, the promoter of hsp60 has been widely used in subsequent studies of the UPR mt , notably in C. elegans (24, (25) (26) (27) (28) (29) (30) (31) 32) . We therefore initiated our analysis of the UPR mt in the spinal cord of G93A-SOD1 mouse model of familial ALS by monitoring the levels of CHOP and hsp60. G93A-SOD1 transgenic mice develop an aggressive form of motor neuron disease, with paralysis onset at 90 days of age and death at 130 days of age (5) . Therefore, studies were performed in male and female G93A-SOD1 mice and non-transgenic control littermates at different ages, starting at 30 and 60 days, representing pre-symptomatic disease stages, and at 90 and 120 days, representing early and late symptomatic stages, respectively. To study the effect of the mutant transgene on UPR mt markers in the spinal cord, protein levels were normalized to non-transgenic control values at each age. We found that in males, CHOP levels were significantly lower as compared to age-matched transgenic males at 30 days ( Fig. 1A and B) . However, at day 60 and thereafter CHOP levels in mutant mice were no longer lower. In females, there was no CHOP decrease at 30 days, and remarkably a robust CHOP increase was observed during the symptomatic phase, at 90 and 120 days ( Fig.  1D and E). In female G93A-SOD1 mice, but not in males ( Fig. 1A and C), hsp60 was significantly higher at 90 days of age, but it reverted to control levels at 120 days ( Fig. 1D and F) . Since CHOP also regulates the expression of the chaperone BiP during the UPR ER independently of its role in the UPR mt , we tested whether BiP is elevated in transgenic females. We found that the levels of BiP closely matched CHOP levels at every time point tested ( Fig. 1G and H ). This finding is in agreement with the extensively characterized ER-stress activation in ALS mice (33) . To test whether this response was specific to regions of the CNS affected by the disease, such as the spinal cord. CHOP and hsp60 were measured in the cerebellum, which is unaffected in G93A-SOD1 mice, of females at 60 and 120 days of age, when a significant increase was observed in the spinal cord. We found no significant differences in CHOP or hsp60 in the cerebellum of G93A-SOD1 transgenic mice compared to nontransgenic mice (Supplementary Material, Fig S1A-C) , suggesting that the response did not take place in unaffected regions of the CNS.
Taken together, these results indicate that in ALS spinal cord there is activation of CHOP-mediated stress responses. However, there was a clear sex difference in CHOP axis activation, since increases of all markers at symptomatic stages were only observed in G93A-SOD1 females, whereas in males the responses were absent, and even below control levels at early stages.
Sex-specific activation of the ERa axis of the UPR mt in
G93A-SOD1 mice
We had previously reported that accumulation of misfolded proteins in the mitochondrial IMS in breast cancer cells activates a UPR mt response pathway initiated by the phosphorylation of Akt and leading to activation of ERa, expression of the transcription factor NRF-1, increase of the IMS protease OMI, and upregulation of proteasome activity (20) . The upregulation of OMI and proteasome activities was instrumental in promoting the degradation of misfolded IMS proteins (20, 19) . Since misfolded SOD1 is known to accumulate and aggregate in the IMS (11, 34) we investigated whether the ERa axis of the UPR mt was activated in the G93A-SOD1 mouse spinal cord.
In males, we found an early elevation in Akt phosphorylation, NRF-1 and OMI at day 30 relative to non-transgenic mice ( Fig. 2A-D) . However the levels of phospho-Akt, NRF-1, and OMI decreased in G93A-SOD1 mice at later time points, suggesting that in these mice the IMS-UPR mt started to decline as early as 60 days of age. In females, neither phospho-Akt nor NRF-1 were elevated relative to non-transgenic mice at any of the time points tested (Fig. 2E-G ). However, OMI was markedly elevated in female G93A-SOD1 mice at the symptomatic stage (Fig. 2H ).
We then tested whether the activation of OMI is specific to the spinal cord. We found no significant difference in OMI in the cerebellum of G93A-SOD1 transgenic mice compared to nontransgenic mice (Supplementary Material, Fig. 1D ), indicating that the effect was tissue specific. We then monitored the activity of the proteasome in spinal cord homogenates of males and females over the course of disease progression. First, proteasome activity was measured fluorimetrically, using small peptide substrates of the trypsin-like, chymotrypsin-like, and caspase-like activities. As previously reported (36), we found that the trypsin-like activity of the proteasome was decreased in male G93A-SOD1 mice compared to age matched controls (Fig. 3A) . In females, there was no decline of the activity at any time point; meanwhile, the trypsin-like and chymotrypsin-like activities were significantly increased at 120 days of age ( Fig. 3E and F) . Again, we found no significant difference in the activity of the proteasome in the cerebellum of G93A-SOD1 transgenic females at these time points (Supplementary Material, Fig. S1E ). Since the proteasome degrades ubiquitinated proteins, we studied levels of ubiquitinated proteins by western blot, using an antibody against lysine-48 ubiquitin chains, which target proteins to the proteasome. We found a general increase in the levels of proteins reactive to Ub48 antibodies in G93A-SOD1 males, which was most evident at 30 and 120 days (Fig. 3D ). This finding was consistent with a decrease in the activity of the proteasome in males. In female G93A-SOD1 mice, there was no increase in the levels of proteins reactive to Ub48 antibodies (Fig. 3H ), in agreement with the preserved proteasome activity.
Since the G93A-SOD1 mouse overexpresses the protein, to exclude that the observed effects were due to overexpression of SOD1, we examined the levels of OMI and ubiquitin in the spinal cord of mice overexpressing wild type SOD1. We found that G93A-SOD1 females showed increased OMI relative to wild type SOD1 females (Supplementary Material, Fig. S2A and B) . The level of spinal cord protein ubiquitination was also increased in G93A-SOD1 males compared to wild type SOD1 males (Supplementary Material, Fig. S2C ), but was decreased in G93A-SOD1 females compared to wild type SOD1 females (Supplementary Material, Fig. S2D ). These results indicated that the effects on OMI and the proteasome are caused by mutant, and not by wild type, SOD1 expression. Overall, these findings suggest significant sex differences in the activation of the IMS-UPR mt pathway in the G93A-SOD1 mouse spinal cord. In females, we observed an increase in OMI levels and proteasome activity in symptomatic disease stages, whereas the absence of this response in males was associated with increased levels of ubiquitinated proteins.
Activation of the UPR mt is observed in G93A IMS-SOD1 mice SOD1 is localized both in the cytosolic and mitochondrial IMS cellular compartment (35) . Therefore, to determine whether SOD1 localized in the IMS was specifically involved in activating the UPR mt we took advantage of a transgenic mouse in which G93A-SOD1 is targeted selectively to the IMS by the addition of an N-terminus targeting sequence (G93A IMS-SOD1). As a result, G93A-SOD1 is absent from the cytosol and only concentrated in the IMS (14) . Since the pre-symptomatic phase is much longer in G93A IMS-SOD1mice than in the untargeted model (14), we only analyzed the UPR mt markers and proteasome activity at 60, 90 and 120 days. In G93A IMS-SOD1 males, NRF-1 was significantly increased relative to the non-transgenic controls only at day 60, while no other markers of the IMS-UPR mt were significantly different ( Fig.   4A-D) . In females, while phospho-Akt did not differ from controls, NRF-1 was significantly increased G93A IMS-SOD1 at 60 days ( Fig. 4E-G) . This observation indicates that, unlike in the untargeted model, mutant SOD1 targeted to the IMS leads to an early activation of NRF-1 in both males and females. Importantly, in female G93A IMS-SOD1 mice, OMI was significantly elevated compared to controls at 120 days of age, similarly to the untargeted females (Fig. 4H ). This suggested that localization of mutant SOD1 in the IMS was sufficient to cause OMI elevation in female mice. The activity of the proteasome in G93A IMS-SOD1 males was unaffected until 120 days of age, when a decrease in trypsin-like activity was observed (Fig. 5A) , while the other activities were unchanged at all-time points (Fig. 5B and C) . This suggested that IMS-restricted protein was less effective in causing proteasomal dysfunction than untargeted, mostly cytosolic, G93A-SOD1. The accumulation of lysine-48 ubiquitin was less in G93A IMS-SOD1 males than age matched controls (Fig. 5D) , further suggesting that the cytosolic, and not the IMS, G93A-SOD1 was responsible for proteasome impairment.
In female G93A IMS-SOD1 mice, the proteasome activity was not decreased at any time point, and, similar to the untargeted G93A-SOD1 females, the chymotrypsin activity was increased at 120 days of age (Fig. 5E-G) . Like males, female G93A IMS-SOD1 mice did not exhibit an increase of lysine-48 ubiquitin (Fig. 5H) .
Having established that NRF-1 is increased at day 60 in male G93A IMS-SOD1 mice and that OMI is elevated at day 120 in female G93A IMS-SOD1 mice, we examined NRF-1 and OMI in wild type IMS-SOD1 mice at 60 and 120 days, respectively. We found that in both cases, the effect was specific to G93A IMS-SOD1 mice (Supplementary Material, Fig. 2E and F) . These results indicated that the effects on NRF-1 and OMI are caused by mutant, and not by wild type, SOD1 in the mitochondrial IMS.
Collectively, these results suggest that the IMS localization of G93A-SOD1 is responsible for the activation of the IMS-UPR mt as demonstrated by the elevation of NRF-1 and OMI. They also suggest that the cytosolic localization of G93A-SOD1 is necessary to cause proteasomal dysfunction, which was absent in the G93A IMS-SOD1 mice.
Genetic ablation of ERa in G93A-SOD1 mice abolishes the activation of OMI but stimulates the CHOP/hsp60 axis of the UPRmt
In cancer cells, we reported that inhibition of the ERa by shRNA prevented the activation of OMI in response to the accumulation of misfolded proteins in the IMS (20) . Since OMI was the most affected marker of the activation of the UPR mt in female G93A-SOD1 mice, we tested whether genetic ablation of the ERa in this model would affect the expression of OMI. We therefore crossed the G93A-SOD1 mouse with an ERa knockout mouse. We obtained wild type non transgenic mice, ERa knockout mice (ERaKO), and ERaKO-G93A-SOD1 mice. We tested the UPR mt markers in the three genotypes and found that in males and females ERaKO-G93A-SOD1 mice OMI was not upregulated relative to both ERa knockout and wild type non-transgenic controls ( Fig. 6A and B) . We then analyzed levels of CHOP and hsp60 in these mice. We found that in female ERaKO-G93A-SOD1 mice there was an elevation in CHOP, compared to ERaKO females ( Fig. 6C and D) and was not observed in G93A-SOD1 mice (Fig. 1) . This result suggested that in the absence of the ERa-dependent axis of the UPR mt , an ERa-independent axis, involving CHOP, but not OMI, could be activated as a compensatory mechanism. This result is in agreement with our finding in breast cancer cell lines, where in the absence of ERa the accumulation of misfolded proteins in the IMS activates CHOP (21) . 
Discussion
The ERa axis of the UPR mt was first identified in breast cancer cells using the accumulation of misfolded protein specifically in the IMS as a tool to dissect the relative contribution of the matrix and IMS in the activation of the UPR mt (20) . However, in vivo validation of this pathway in a disease relevant mouse model of neurodegeneration was lacking. Since G93A-SOD1 misfolds and accumulates in the IMS, this mouse model was ideal to investigate the IMS-UPR mt in vivo in a mammalian model of familial ALS. The findings from this study confirmed previous observations and revealed a novel role of the IMS-specific axis of UPR mt . Our results concur with previous observations that the CHOPhsp60 axis is activated (28) and the proteasome inhibited during disease progression (36) . While these results validate the hypothesis that the UPR mt is active in G93A-SOD1 mice, they also bring additional information regarding these effects according to sex. Notably, while the proteasome was inhibited in males, it was activated in females. Differential proteasomal responses could have a disease-modifying function, but also directly participate in the accumulation of misfolded SOD1 in mitochondria, since it was shown that degradation of IMS misfolded proteins involves the proteasome (37) . In addition to proteasome activation, our data revealed that the IMS protease OMI is upregulated in females. Therefore, both components of IMS protein quality control are upregulated in females. This result is consistent with the more potent role of the ERa in females.
The G93A IMS-SOD1 mouse model made it possible to dissect the specific contribution of the IMS fraction of G93A-SOD1 to the activation of the UPR mt , and revealed that this fraction is sufficient to promote the activation of OMI and the proteasome in females. In addition, the comparison between the G93A-SOD1 and G93A IMS-SOD1 models showed that the inhibition of the proteasome observed in males is mainly dependent on the cytosolic mutant SOD1. Further, since OMI and NRF-1 were higher in G93A IMS-SOD1 males than in the G93A-SOD1 mice, collectively these results support the notion that the IMS fraction of mutant SOD1 plays a direct role in the activation of the UPR mt . One of the most striking effects observed was the activation of OMI in G93A-SOD1 female mice. Interestingly, in sporadic ALS patient post-mortem studies, OMI was found to accumulate in spinal motor neurons (38) . On the other hand, a decrease in OMI was reported to contribute to neurodegeneration (39) (40) (41) . In light of these findings, we propose that increased OMI levels induced by the UPR mt may enhance protein quality control in the IMS and delay the onset of mitochondrial damage. However, as mitochondrial damage progresses, despite its increase, OMI becomes insufficient to maintain the integrity of mitochondria. In fact, since the release of OMI in the cytosol upon mitochondrial outer membrane permeabilization plays a role in apoptosis, an initial protective effect of elevated OMI in the IMS could eventually contribute to the acceleration of cell death, if mitochondrial damage promotes its release into the cytosol. This could contribute possibly to the delay in disease progression in ALS female mice relative to males. Finally, our results in the ERaKO mice suggested that, as we previously reported in breast cancer cells (20) , upon inhibition of the ERa, the CHOP axis of the UPR mt could play a compensatory role in an attempt to maintain the integrity of the mitochondria. The UPR mt pathway is rapidly gaining attention, and this study is the first to identify activation of this pathway in a disease relevant model in vivo. Considering that the UPR mt regulates the communication between stressed mitochondria and the nucleus, it is likely to be implicated in the pathology of several diseases with mitochondrial involvement. Importantly, as some tissues and cell types do not express ERa and the function of the ERa is tissue specific (42, 43) one interesting possible implication of our findings is that the UPR mt could help explain some aspects of the sex differences and cell type specificity observed in ALS. Clearly, more work needs to be done to determine if our findings in the SOD1 mouse model apply to humans affected by the much more common sporadic forms of ALS, but the higher incidence of sporadic ALS in males (23) suggests that estrogen hormones and their receptors could indeed be involved in sex differences through the ERa axis of the UPR mt . Moreover, considering that estrogen has been reported to affect the severity of primary mitochondrial diseases with strong male bias, such as Leber's hereditary optic neuropathy (44) , whether this pathway also plays a role in gender differences in these diseases remains to be explored.
Materials and Methods

Animals
We used the B6SJL-Tg(SOD1*G93A)1Gur/J, the Tg(SOD1)2Gur, the B6SJL-Tg(Prnp-Immt/SOD1*G93A)7Gmnf/J, and the B6SJL-Tg(Prnp-Immt/SOD1)1Gmnf/J from The Jackson Laboratory. Estrogen Receptor a knockout animals with the G93A-SOD1 mutation (ERaKO-G93A) in the C57BL/6J congenic background were generated by crossing the G93A-SOD1 line (B6.Cg-Tg (SOD1-G93A)1Gur/J) with ERaKO heterozygote mice (B6.129P2-Esr1tm1Ksk/J), both available from The Jackson Laboratory. Females heterozygous for ERaKO were bred with males heterozygous for ERaKO, which also had the G93A-SOD1 mutation. At the indicated ages, animals were sacrificed and tissues 
Western blotting
Spinal cords were lysed in NP-40 lysis buffer, sonicated for 1 s at an amplitude of 20% and centrifuged at 14,000 rpm at 4 C for 20 min. Proteins were separated on 10% or 4-20% Mini-PROTEAN TGX gels (Bio-Rad,CA) and transferred to nitrocellulose blotting membrane (GE Healthcare Life Sciences). Membranes were probed with primary antibodies against phosphorylated-Akt (Cell Signaling), Akt (Cell Signaling), Omi/ HtrA2 (Biovison), NRF-1 (Abcam), hsp60 (BD Bioscience), CHOP (Cell Signaling), BiP (BD Bioscience), Ub-48 (EMD Millipore) and Actin (EMD Millipore) overnight at 4 C. Blots were then probed with horseradish peroxidase-conjugated anti-mouse (Jackson ImmunoResearch) or anti-rabbit (Thermo Scientific) secondary antibodies and detected using enhanced chemiluminescence (GE Healthcare or Millipore).
Proteasome assay
Spinal cord lysates (10ug) were incubated in proteasome activity assay buffer (50 mM Tris-HCl, pH 7.5) with 10uM trypsin fluorogenic substrate Ac-Ala-Leu-Ala-AMC (Ac-ALA-AMC) or chymotrypsin fluorogenic substrate succinly-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC), or caspase fluorogenic substrates N-acetyl-Gly-Pro-Leu-Ala-AMC (Ac-GPLA-AMC) for 3 h at 37 C. Release of free hydrolysed 7-amino-4-methylcoumarin (AMC) groups was measured at 380nm excitation and 460nm emission using SpectraMax M5e microplate reader (Molecular Devices).
Statistical analysis
Data are presented as mean 6 SEM. Two-tailed Student's t-test was used to determine the significance between two datasets. *P < 0.05 was considered as statistically significant. All statistical analysis was performed using GraphPad Instat software.
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